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Abstract 

Most animal species use distinctive courship patterns to choose among 
potential mates. Over time, the sensory signaling and preferences used during 
courtship can diverge among groups that are reproductively isolated. This 
divergence of signal traits and preferences is thought to be an important cause 
of behavioral isolation during the speciation process. Here, we examine the 
sensory modalities used in courtship by two closely related species, Drosophila 
subquinaria and Drosophila recens, which overlap in geographic range and are 
incompletely reproductively isolated. We use observational studies of courtship 
patterns and manipulation of male and female sensory modalities to determine 
the relative roles of visual, olfactory, gustatory, and auditory signals during con- 
specific mate choice. We find that sex-specific, species-specific, and population- 
specific cues are used during mate acquisition within populations of D. subqu- 
inaria and D. recens. We identify shifts in both male and female sensory modal- 
ities between species, and also between populations of D. subquinaria. Our 
results indicate that divergence in mating signals and preferences have occurred 
on a relatively short timescale within and between these species. Finally, we sug- 
gest that because olfactory cues are essential for D. subquinaria females to mate 
within species, they may also underlie variation in behavioral discrimination 
across populations and species. 



Introduction 

Courtship rituals allow individuals to identify and 
choose among potential mates. Premating courtship sig- 
nals usually involve stereotyped motions, chemical 
pheromones or excretions, visual displays, or a combi- 
nation of these signals (Greenspan and Ferveur 2000). 
These signal traits and preferences can be targets of 
sexual selection within species to ensure the highest 
level of fitness possible for an individual's offspring 
(Andersson 1994). Courtship rituals can also vary 
between isolated groups, and thus play a role in species 
recognition to allow individuals to identify and avoid 
mating with individuals of other species (Groening and 
Hochkirch 2008). Because behavioral isolation is often 
the main component of reproductive isolation between 
recently diverged taxa, divergence of signal traits and 
preferences are thought to be an important cause of 
isolation during the speciation process (Coyne and Orr 
2004). 



The courtship behaviors of some Drosophila flies have 
been well characterized, particularly in the model species 
D. melanogaster (Spieth 1974; Greenspan and Ferveur 
2000). Drosophila integrate several different sensory 
modalities during courtship (Krstic et al. 2009), which 
are involved in both species recognition and sexual selec- 
tion. For example, these can include visual wing displays 
and auditory wing songs (Blyth et al. 2008), visual infor- 
mation (Spieth 1974), gustatory and tactile signals that 
are sensed through tapping and licking (Everaerts et al. 
2010), and chemical pheromones, which are sensed 
through olfactory pathways (Amrein 2004). The relative 
importance of particular cues may differ between the 
sexes (Ferveur 2010). Across species, the relative impor- 
tance of each cue can differ, such that a particular cue 
may be essential to the courtship of one species while 
being entirely absent from the courtship behavior of 
another (Markow and O'Grady 2005). 

Here, we examine the sensory modalities used during 
successful courtship and mate acquisition in two closely 
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related Drosophila species that are incompletely reproduc- 
tively isolated. D. subquinaria and D. recens are in the 
quinaria group of the subgenus Drosophila, and are com- 
mon in the boreal forests of western and eastern North 
America, respectively. Their ranges overlap in central 
Canada for a region of about 1200 km (Jaenike et al. 
2006); based on their biogeographic distributions, D. sub- 
quinaria and D. recens were probably isolated at the last 
glacier maximum and came back into sympatry during 
the last 20,000 years. These species are morphologically 
indistinguishable except for the male genitalia, and have 
no sex-specific pigmentation patterns (Wheeler 1960). 
Where they co-occur, they can be found at the same 
mushrooms, which serve as a mating substrate as well as 
a food source for both larvae and adults. 

Behavioral studies show that D. recens females will 
occasionally mate with D. subquinaria, with no difference 
in female discrimination between populations that are 
sympatric and allopatric with D. subquinaria (Jaenike 
et al. 2006). In contrast, D. subquinaria females show a 
pattern of reproductive character displacement: females 
from populations sympatric with D. recens almost never 
mate with D. recens males, whereas D. subquinaria 
females from outside this region of overlap mate with 
D. recens males at a moderate rate. Furthermore, there is 
also behavioral isolation within D. subquinaria, as females 
from populations sympatric with D. recens also discrimi- 
nate against conspecific D. subquinaria males from 
allopatric populations, with no known post-zygotic isola- 
tion (Jaenike et al. 2006). A potential selective force for 
these patterns of behavioral discrimination is a Wolbachia 
infection in D. recens: the offspring of D. subquinaria 
females and D. recens males die during embryogenesis, 
whereas in the reciprocal cross, the offspring survive and 
the Fl daughters are fertile (Shoemaker et al. 1999). 
Hybrid males are always sterile (Shoemaker et al. 1999). 

In this study, we investigate the importance of differ- 
ent sensory modalities during conspecific mate selection 
in D. subquinaria and D. recens. We also ask whether 
the courtship pattern and sensory modalities are the 
same in sexually isolated populations of D. subquinaria. 
We use observational methods to characterize successful 
courtship patterns, and manipulative methods to remove 
various sensory modalities in males and/or females to 
determine the importance of each modality on mating 
success with conspecifks. We find differences in sensory 
modalities between D. subquinaria and D. recens, as well 
as between populations of D. subquinaria, which are 
consistent with strong divergent selection on premating 
behavior on sympatric D. subquinaria. Our results sug- 
gest that changes in courtship and sensory modalities 
used in courtship can occur on a very rapid evolution- 
ary timescale. 



Materials and Methods 
Fly stocks and maintenance 

We used D. recens collected in 2009 in Peru, New York; 
this population is allopatric to D. subquinaria, and is 
representative of other sympatric and allopatric popula- 
tions of D. recens (K. A. Dyer, unpubl. data). There is no 
sexual isolation and very little genetic differentiation 
among populations of D. recens (Jaenike et al. 2006; K. A. 
Dyer, unpubl. data). We used flies from two populations 
of D. subquinaria in this study, including a representative 
allopatric and sympatric population with respect to the 
geographic range overlap with D. recens. Allopatric D. sub- 
quinaria were collected near Deary, Idaho, in 2009. This 
population was selected because there is substantial gene 
flow with the sympatric region and the flies show an 'allo- 
patric' phenotype: females discriminate against D. recens 
at a much lower level than sympatric D. subquinaria, and 
they also do not discriminate against conspecific males 
from any population (E. R. Bewick & K. A. Dyer, unpubl. 
data). Sympatric D. subquinaria were collected near 
Edmonton, Alberta, in 2010. At the time of collection, the 
proportion of D. subquinaria and D. recens in this popula- 
tion was 8% and 92%, respectively, and D. subquinaria 
females from this population discriminate against D. re- 
cens as well as allopatric D. subquinaria (Bewick & K. A. 
Dyer, unpubl. data). Each population stock consisted of 
between five and ten isofemale lines that were allowed to 
interbreed for three generations before being used in 
experiments. All stocks were maintained in uncrowded 
conditions on Instant Drosophila food (Carolina Biologi- 
cal, Burlington, NC) supplemented with commercial 
mushroom {Agaricus bisporus). Cultures were kept at 20°C 
on a 14:10 light cycle and with 60% relative humidity. 
Light carbon dioxide anesthesia was used to collect virgins, 
which were stored at a density of 10-15 flies per vial. 

Courtship observations 

During morning hours, one male and one female 7-day- 
old virgin from the same population were aspirated into 
a 2-cm diameter observation chamber containing a 
blended mushroom-agar media covered with a moistened 
piece of filter paper. Using a HD video camera (Canon 
Vixia HFG10; Canon USA, Lake Success, NY), we 
recorded the flies' behavior for 20 min or until copula- 
tion commenced. We did not record behaviors that 
occurred during the copulation, nor did we record the 
copulation duration. Later, the video was observed and 
any activity following the male orienting on the female 
was recorded, as was the overall courtship time. We 
scored the duration of orienting, tapping, and licking, 
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and the frequency of circling, wing vibrations, and wing 
extensions. We note that males can display multiple 
behaviors simultaneously, all of which were scored. The 
data are based on 25 successfully copulating pairs from 
each population. Data were analyzed using Kruskal-Wallis 
(K-W) nonparametric tests and post-hoc comparisons of 
the means using the nonparametric Steel-Dwass (S-D) 
method. All statistical analyses were completed using JMP 
version 9.0.2 (SAS Institute, Cary, NC). 

Manipulative sensory analyses 

Between 2 and 5 days after eclosion, virgin flies were placed 
under light carbon dioxide anesthesia and randomly 
assigned to either a control (unmanipulated) or experimen- 
tal (manipulated) group. Experimental manipulations 
included blinding or removing the aristae, antennae, or 
wings. To obscure vision, we dabbed metallic paint from a 
paint marker (Elmer's Painters brand) over the flies' eyes. 
To render flies deaf, we removed the aristae, which is the 
feathery structure attached to each antenna, as close to the 
base as possible with microscissors. Sound waves vibrate 
the arista, and then a mechanical receptor in the antenna 
converts the vibrations into auditory perception (Gopfert 
and Robert 2002). To remove the flies' ability to smell, we 
removed the antennae between the second and third seg- 
ments with surgical forceps. The third segment of the 
antenna is a primary location where receptors used for 
smell (olfaction) reside (Carlson 1996; Hallem et al. 2006; 
Vosshall and Stocker 2007). Note that removing the 
antenna also removes the arista, which is attached to 
the third segment of the antenna. Finally, we removed the 
wings at the base with a surgical scalpel. Wings can be used 
in multiple sensory modalities; for example, different spe- 
cies use them to create auditory songs, to flash visual cues, 
and to fan pheromones (Markow and O'Grady 2005; Glea- 
son et al. 2012). Thus, the wing removal is not simply the 
ablation of a single sensory modality. In our study, we have 
not explicitly tested whether each sensory ablation actually 
removed the targeted modality from these species; instead, 
we assume that the underlying physiology and neurobiol- 
ogy of sense perception is similar across Drosophila 
species and that functional studies in D. melanogaster are 
applicable to other species. 

Control flies were handled in the same ways and at the 
same times as the experimental flies, but were not surgically 
manipulated. All flies were placed in fresh food vials to 
recover. Seven to 11 days after emergence, including at 
least 5 days after manipulation, a single virgin male and 
female from the same species and population were placed 
together by aspiration into a fresh food vial. Four types of 
crosses were simultaneously set up for each manipulation: 
control male x experimental female, experimental male x 



control female, experimental male x experimental female, 
control male x control female. These pairs were left 
together for either 3 or 24 h, whereupon the male was 
removed by aspiration and discarded. Vials where either fly 
died during the mating trial were discarded. Two weeks 
later, each vial was checked for the presence of offspring, 
thereby indicating whether mating occurred. In this way, 
we assayed 30 pairs of flies for each cross type and modality 
manipulation for each population. Because the various 
manipulations were not all completed at the same time, 
data were analyzed separately for each manipulation and 
species/population. We used logistic regression by general 
linearized model (GLM with binomial error distribution 
and logit link) to assess the effect of each treatment (male 
type, female type, interaction) on mating rate. We found 
no test with a significant interaction term (all P > 0.1); 
thus, we repeated the analyses removing the interaction 
effect, and we report these models in the results. 

Results 

Behavioral observations 

We will first describe the general courtship pattern for 
each species and population we studied; these are also 
summarized in Fig. 1, and we have included example 
videos as supplemental material. Then, we will compare 
quantitatively the incidence of specific courtship behav- 
iors across species and populations. The typical D. recens 
courtship pattern begins with the male orienting to the 
female. He then taps her rapidly on the abdomen with 
his foremost pair of feet. Often at this point, the female 
moves away, to which the male responds by chasing and 
tapping her. Either way, the male quickly advances to 
simultaneously licking the female's genitals and tapping 
her abdomen near the genitalia with both of his first set 
of legs. This tapping is very fast and often repeated; if the 
male is close enough to the female to be tapping her dur- 
ing courtship, he constantly does so. Some males (16.0%) 
used a circling behavior around the female during this 
period of tapping. This was always followed by more 
tapping and licking, after which the male quickly 
extended one wing outward horizontally repeatedly at 
intervals of about 1 sec between extensions. On average, a 
courtship contained a median of seven wing extensions; 
usually only the same wing is extended, although either 
wing can be used. We never observed any wing vibrations 
by D. recens males. Eventually, the female spreads her 
wings and copulation occurs. On average, flies that 
copulated took 489 ± 68 [mean ± SE] sec to achieve 
copulation, of which 315 ± 53 sec were spent with the 
male oriented on the female. Overall, 25 of 43 (58%) 
pairs copulated within the 20-min observation window. 
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Fig. 1. Box plot of the incidence of each specific behavior displayed during courtship, with results shown for each population. Part A) shows the proportion 
of courtship time males spent licking and tapping the female, and part B) shows the frequency of wing movements and circling behaviors per second of 
courtship. Post-hoc tests were completed separately for each behavior, as described in the text, and significant groupings are indicated with letters. 



In the allopatric D. subquinaria, courtship begins with 
male orientation on the female. This is followed by the 
male tapping, and if the female moves away, by chasing. 
After the initial tapping, the male begins wing motions. In 
these males, wing vibration is more common than wing 
extensions (median of five wing extensions and seven wing 
vibrations per courtship), and all males displayed both of 
these behaviors. Most males (60%) then proceed to cir- 
cling, which is often followed by wing motion. If the male 
can reach the female, he will then extend his proboscis and 
lick the female's genitals. Wing vibration is particularly 
common during genital licking. After licking, the male 
attempts to copulate; if the female is receptive, she spreads 
her wings and the male mounts and copulation begins. On 
average, flies that copulated took 449 ± 50 sec to achieve 
copulation, of which 185 ± 36 sec were spent with the 
male oriented on the female. Overall, 25 of 43 (58%) pairs 
copulated within the 20-min observation window. 



Courtship of the sympatric D. subquinaria was largely 
similar to allopatric D. subquinaria. Males begin by ori- 
enting on the female, followed by tapping and chasing and 
then wing motions. As with allopatric D. subquinaria, 
wing motions are comprised of a mixture of wing vibra- 
tions and wing extensions, with a median of 15 wing 
extensions and 29 vibrations per courtship. Again as in 
allopatric D. subquinaria, circling then occurs in most 
(60%) males, followed by additional wing movement. Gen- 
ital licking usually follows, and is accompanied by wing 
motion, and then females signal receptivity by spreading 
wings, and males respond by mounting and copulating. 
On average, pairs that mated took 430 ± 63 sec to achieve 
copulation, of which 240 ± 54 sec were spent with the 
male oriented on the female. Overall, 25 of 48 (52%) pairs 
copulated within the 20-min observation window. 

Considering only flies that copulated during the obser- 
vation period, the total amount of time it took pairs to 
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copulate from when they were placed in the vial did 
not vary significantly across populations/species (K-W 
y 2 = 0.7, d.f. = 2, P = 0.7). The time to copulation from 
when the male oriented on the female also did not vary 
significantly among populations/species (K-W y 2 = 4.9, d. 
f. = 2, P = 0.09). During courtship (defined as any time 
in which the male is oriented on the female), we observed 
many differences in the amount of various behaviors dis- 
played, both between species and between populations of 
D. subquinaria. For example, the proportion of time 
spent in tapping and licking during courtship varies sig- 
nificantly among the three populations (Fig. 1A; tapping: 
K-W y 2 = 55, d.f. = 2, P < 0.0001; licking: K-W y 2 = 51, 
d.f. = 2, P < 0.0001). The means of each pair of popula- 
tions are also significantly different from each other for 
each trait, with D. recens exhibiting the most and sympat- 
ric D. subquinaria the least (S-D tests all P < 0.0001). For 
a male, during tapping and licking, the male receives gus- 
tatory signals from the female; for a female, these male 
behaviors are tactile signals from the male. Differences 
among populations and species suggest that gustatory sig- 
nals to the male be more important during courtship of 
D. recens and allopatric D. subquinaria. Consistent 
with this, tactile signals may be important to D. recens 
and allopatric D. subquinaria females and/or perhaps 
inhibitory to female sympatric D. subquinaria. 

Wing motions also differed between species and popu- 
lations. D. recens only engaged in wing extensions, never 
wing vibrations (Fig. IB). In contrast, every D. subquina- 
ria male from both allopatric and sympatric populations 
engaged in both wing extensions and wing vibrations. On 
average, allopatric D. subquinaria males displayed about 
as many wing extensions per second of courtship as 
D. recens, and sympatric D. subquinaria displayed about 
three times as many of this behavior per second of court- 
ship as either of the other two populations (Fig. IB; K-W 
X 2 = 29, d.f. = 2, P < 0.0001; S-D tests: subq sym vs. 
recens Z = 5.1, P < 0.0001; subq sym vs. subq alio 
Z = 3.9, P = 0.0002; subq alio vs. recens Z= 1.0, 
P = 0.55). There were also significant differences in the 
number of wing vibrations per second of courtship dis- 
played by males from the three populations, with sympat- 
ric D. subquinaria displaying the most vibrations and 
D. recens the least (Figure IB; K-W y 2 = 66, d.f. = 2, 
P < 0.0001; S-D tests: all P < 0.0006). Results were con- 
sistent when the total number of behaviors per courtship 
rather than unit of courting time was considered (results 
not shown). 

Finally, we observe the male circling behavior in both 
species, although circling appears to be more frequent in 
D. subquinaria (Figure IB). Allopatric and sympatric 
D. subquinaria displayed about the same number of cir- 
cles per second of courtship, whereas D. recens displayed 



significantly fewer (Figure IB; K-W y 2 = 15, d.f. = 2, 
P = 0.0006; S-D tests: subq sym vs. recens Z = —3.6, 
P = 0.001; subq alio vs. recens Z = 3.6, P = 0.002; subq 
sym vs. subq alio Z = 0.32, P = 0.9). The circling behavior 
was often in conjunction with wing movements, and thus 
may be a visual cue or a mechanism to emphasize other 
signals. 

Manipulative sensory analyses 

The results of the sensory manipulations are summarized 
in Figure 2 and in Table SI. When D. recens males and 
females were kept together for 24 h, we observed no 
decrease in mating for any manipulation except when 
the male was blind (male effect: y 2 = 24, d.f. = 1; 
P < 0.0001). We repeated the entire experiment and 
shortened the time the male and female had access to 
each other to 3 h. In this shorter window, both male and 
female vision were very important for mating success 
(male effect: y 2 = 56, d.f. = 1; P < 0.0001; female effect: 
y 2 = 8.4, d.f. = 1; P = 0.0038). Removal of the female's 
antennae resulted in a -30% decrease in mating (female 
effect: y 2 = 5.3, d.f. = 1; P = 0.021), and because remov- 
ing of the female's aristae had no significant effect (female 
effect: y 2 = 0.1, d.f. = 1; P = 0.8), this reduction in mat- 
ing is likely driven by lack of olfactory cues to the female. 
The presence of male wings was important for mating, 
and there was also a moderately significant effect on 
mating rate when females did not have wings (male effect: 
y 2 = 6.4, d.f. = 1; P = 0.011; female effect: y 2 = 4.1, d.f. = 
1; P = 0.042). This may indicate that both sexes use 
wing-originating cues from the other sex. Thus, from this 
experiment, we can infer that in this population of D. re- 
cens, visual cues are important for males, and visual and 
olfactory cues are important for females to mate. 

For the allopatric D. subquinaria, significant decreases 
in mating frequency were observed in the 24-h condition 
for several sensory modality losses (Fig. 2b; Table SI). 
Again, male vision was important to mating, as male 
blindness decreased mating rate about 65% relative to the 
control (male effect: y 2 = 37, d.f. = 1; P < 0.0001), and 
for this species, this effect was not seen for female blind- 
ness (female effect: y 2 = 0, d.f. = 1; P = 1.0). Removal of 
the male antennae, and thus both olfactory and auditory 
cues, did not affect mating (male effect: y 2 = 0, d.f. = 1; 
P = 1.0). However, removal of the female antennae 
decreased mating rate by 95% (female effect: y 2 = 85, d.f. 
= 1; P < 0.0001), such that when females were without 
antennae, the pairs almost never mated. Because remov- 
ing the aristae of either sex had no effect for mating 
success (male effect: y 2 = 0.2, d.f. = 1; P = 0.7; female 
effect: y 2 = 0, d.f. = 1; P = 1.0), this suggests that remov- 
ing the female's antennae eliminates essential olfactory 
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Fig. 2. Mating success rates under different sensory modality manipulations. Shown are the results for A) Drosophila recens, B) allopatric 
Drosophila subquinaria, and C) sympatric D. subquinaria. "Female only" indicates only the female in that cross was altered, "Male only" indicates 
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cues that are critical for females to mate. Male wingless- 
ness also significantly affected mating success (male effect: 
y 2 = 22, d.f. = 1; P < 0.0001), which is likely due to the 
females refusing males that do not produce a signal 
produced by the wings. We completed a small 3-h manip- 
ulation focusing only on winglessness for allopatric 
D. subquinaria, and the effects were identical to the 24-h 
manipulation: male winglessness was found to decrease 
mating success by 60%, but female winglessness had no 
effect (male effect: y 2 = 20, d.f. = 1; P < 0.0001; female 
effect: y 2 = 2.1, d.f. = 1; P = 0.14). In summary, for these 
allopatric D. subquinaria, visual cues are important for 
males, but wing-originating and especially olfactory cues 
are critical for females to mate. 

The sensory modalities used by the sympatric D. sub- 
quinaria were similar to their allopatric counterparts in 
most, but not all, respects (Fig. 2c; Table SI). As for the 
allopatric D. subquinaria, loss of male vision reduced 
male mating by 50% (male effect: y 2 = 27, d.f. = 1; 
P < 0.0001), with a small effect on mating when females 
were blind (female effect: y 2 = 3.5, d.f. = 1; P = 0.06). 
Strikingly, the loss of female antennae reduced mating to 
zero (female effect: y 2 = 96, d.f. = 1; P < 0.0001); of 60 
pairs where the female's antennae were removed, not a 
single pair mated in the 24-h time frame. Because female 
aristae were again unimportant for mating (female effect: 
y 2 = 0.4, d.f. = 1; P = 0.5), this suggests that chemosenso- 
ry cues are critical for females to mate. Interestingly, 
when the male sympatric D. subquinaria antennae were 
removed, there was also a reduction in mating - about 
35% compared with the control (male effect: y 2 = 7.6, d.f. 
= 1; P < 0.006). Because the removal of the male aristae 
had no effect on mating success (male effect: y 2 = 0.04, d. 
f. = 1; P = 0.8), this suggests that male D. subquinaria 
from sympatric populations may use olfactory cues in 
courtship. This pattern is in contrast to male allopatric 
D. subquinaria and D. recens, which show no effect on 
mating of removing their antennae or aristae (all 
P = 1.0). When males were without wings, mating was 
reduced by 60% (male effect: y 2 = 46, d.f. = 1; 
P < 0.0001); again, this may be because the signals the 
wings produce were absent from courtship, which caused 
the male to not be accepted by the female. In summary, 
our manipulative study suggests that for these sympatric 
D. subquinaria, visual and olfactory cues are important 
for males to mate, and wing-originating and olfactory 
cues are critical for females to mate. 

Discussion 

The typical Drosophila courtship is a complex series of 
behaviors, and signals can include auditory, visual, gusta- 
tory, olfactory, and tactile cues (reviewed in Greenspan and 



Ferveur 2000). In this study, we used both observational 
and manipulative experiments to determine which sensory 
modalities are involved in courtship and mate acquisition 
within D. recens and D. subquinaria. Observational studies 
are useful to determine the specific behaviors that the male 
and female display. Sensory manipulation experiments that 
ablate sensory modalities can provide insight into the 
signaling modes used by each sex as well as species and 
population differences (e.g., Gleason et al. 2012). In addi- 
tion, ablation experiments can indicate whether mate 
acceptance depends on a compound signal that uses more 
than one type of sensory modality. Our goal in this study is 
to ask whether the same sensory modalities are important for 
mating within populations of D. subquinaria and D. recens. 

From our manipulative study, we found that vision 
was important for males of both D. subquinaria and 
D. recens. This is a common result across Drosophila 
(Markow and O'Grady 2005), and it is thought to be the 
case that eyesight is necessary for proper orientation of 
the male to the female and for the male to be able to fol- 
low the female (Spieth 1974). Usually, the importance of 
vision is assayed by placing flies in the dark; however, this 
does not allow one to determine whether the male, 
female, or both sexes use visual cues as mating signals. By 
sex-specific ablation of vision, we were also able to show 
that vision is not only important for males but is also 
important for D. recens females to mate, although it does 
not appear to be essential as this effect is overcome when 
flies are allowed a longer period to mate (Fig. 2). 

Both our observational and manipulative studies indi- 
cate that chemosensory signals are very important in these 
species. D. recens and allopatric D. subquinaria males 
spend most of their courtship tapping and licking the 
females (Fig. 1A). Because both the Drosophila proboscis 
and the forelegs have gustatory receptors (Amrein and 
Thorne 2005), and because the removal of the male 
antennae did not decrease male mating frequency in 
either of these types of males (Fig. 2), this suggests that 
the bulk of chemosensory information for these males 
may be conveyed through contact gustatory signaling 
rather than through olfaction. In other species, gustatory 
signals have been shown to be important for male mating 
behavior (Watanabe et al. 2011). These behaviors may 
also provide important tactile cues to the females, and we 
cannot disentangle the importance of these behaviors for 
male versus female mating based only on observational 
studies. In contrast to male allopatric D. subquinaria and 
D. recens, we find that the male sympatric D. subquinaria 
appear to place more emphasis on olfactory than gusta- 
tory signals. Not only did sympatric D. subquinaria males 
without antennae mate less frequently than control males 
with antennae (Fig. 2), but in our observational studies, 
these males also displayed fewer gustatory behaviors than 
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the other populations (Fig. 1). From these data, it appears 
that a shift in sensory modality from gustatory to 
olfactory signals has occurred in male sympatric D. sub- 
quinaria. We speculate that selection may have acted on 
these sympatric males to increase discrimination for spe- 
cies recognition, perhaps through olfactory pathways. The 
caveat of this is that we cannot test whether these males 
are actually receiving fewer gustatory signals, only that 
they display the behavior less. It is also possible that a 
shift in the preference of sympatric females has occurred, 
such that these tactile cues have become inhibitory when 
they exceed a certain threshold. Further study with addi- 
tional populations is necessary to determine the 
geographic extent of this difference in male behavior, in 
particular whether it correlates with the zone of geo- 
graphic overlap between species. It will also be important 
to determine whether these males court females from 
other populations with less vigor than their own females. 

Chemosensory cues are also very important for females 
of both of the species we studied. For female D. recens, 
there is a significant effect of removing the female's 
antennae, but the mating rate only drops to about 65% 
in 3 h, with no significant effect over a longer 24-h per- 
iod (Fig. 2; Table SI). In contrast, female D. subquinaria 
are critically dependent on olfactory cues, regardless of 
population and even after a 24-h mating period. Olfactory 
signals have been shown to be very important for mating 
in many other species of Drosophila (Ferveur 2005) and 
for insects more generally (Howard and Blomquist 2005). 
In particular, in Drosophila, pheromones are involved in 
both species and mate recognition, and have been shown 
to evolve rapidly and be targets of selection (Chenoweth 
and Blows 2005; Rundle et al. 2005; Grillet et al. 2006; 
Van Homrigh et al. 2007; Higgie and Blows 2008). Given 
the critical importance of these signals to conspecific mat- 
ing, olfactory cues are obvious candidates to investigate 
as potential signals in species and/or population-level 
discrimination in D. subquinaria. 

Finally, both our observational and manipulative 
experiments suggest the role of the male's wings during 
courtship differs between species. D. recens males display 
only wing extensions, while D. subquinaria males display 
both wing extensions and vibrations during courtship, 
and there is a significant effect of ablating the male's 
wings in both species (Table SI, Fig. 2). However, for 
both species, removing the female's aristae to render her 
deaf does not decrease the mating rate. Male wing 
motions are known to be important in Drosophila court- 
ship signaling, and the specific sensory signaling involved 
in wing motion can differ across species (Lasbleiz et al. 
2006). The presence of wing vibrations may create a song 
in D. subquinaria, and in other species of Drosophila male 
song can vary within populations and differ between 
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closely related vspecies, including within the quinaria 
group of Drosophila (Ewing and Miyan 1986; Hoikkala 
et al. 1994; Ritchie et al. 1994; Neems et al. 1997; Cole- 
grave et al. 2000; Routtu et al. 2007; Turner and Miller 
2012). However, given the lack of an effect of ablating the 
aristae, it may be more likely that in these species, the 
wings are involved in creating non-auditory signals to the 
female. In many species, the male's wings create visual 
signals (Yeh et al. 2006), and in some species, the male's 
wings fan pheromones to the female (Gleason et al. 
2012). Non-auditory signals would be consistent with the 
findings discussed above that vision is important for 
female mating in D. recens, and that olfaction is impor- 
tant for females of both species, especially D. subquinaria. 
For example, if there has been an increase in reliance on 
olfaction in D. subquinaria females, and if males of this 
species are using their wings to fan pheromones, the wing 
requirement would be consistent with this change. Fur- 
ther investigation is necessary to disentangle the role of 
the wings during courtship, and the presence of a song 
must be assessed, especially in D. subquinaria. 

Summing across our results, it is clear that sex-specific, 
species-specific, and population-specific cues are used 
during mate acquisition within populations of D. recens 
and D. subquinaria. In addition, it appears that mate 
acceptance is not dependent entirely on one sensory 
modality, but that multi-modal signals are often at play. 
For example, in male D. recens and allopatric D. subquin- 
aria, both visual and chemosensory modalities appear to 
be important, although further experiments are needed to 
test the combined effect of these modalities. Likewise, in 
female D. recens, both visual and olfactory cues are neces- 
sary for mating. The exception to this may be within 
female D. subquinaria, where only olfactory signals are 
essential for mating. In other Drosophila species, often 
two or more sensory modalities must be ablated together 
in order to completely reduce mating success, indicating 
that multiple cues are necessary for successful mating 
(e.g., Gailey et al. 1986). It is much rarer to find a single 
sensory modality that, upon ablation, completely abol- 
ishes mating success (but see Gleason et al. 2012). We 
note that because we find differences among populations 
and species in the consequences of sensory ablation on 
mating, this suggests that it is not just the injury itself 
that leads to our results, but that our data uncover real 
biological patterns. 

The sensory signaling systems that are important for 
mate choice within species are also likely to be involved in 
mate discrimination between populations and/or species 
(Andersson 1994; Price 1998; Panhuis et al. 2001; Svensson 
and Gosden 2007). Knowing which behavioral sensory 
modalities are used within populations will help to build a 
comprehensive understanding of how selection causes them 
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to diverge and thus contribute to the speciation process. 
Using both observation and manipulative studies, we find 
broad-scale divergence in courtship pattern and sensory 
modalities between the closely related species D. subquina- 
ria and D. recens. We also find significant differences 
between two populations of D. subquinaria, which is par- 
ticularly interesting because these populations experience 
gene flow and are geographically not very distant from each 
other. Further work is necessary to determine the extent to 
which courtship behaviors vary throughout the range of 
D. subquinaria, but the differences found here are consis- 
tent with the observed pattern of reproductive character 
displacement in female discrimination (Jaenike et al. 2006). 
Analyzing whether the signal varies in a pattern similar to 
the discrimination behavior displayed by the females will 
be a key to determining which signals are involved in rein- 
forced mate discrimination between species and among 
populations. In other words, one would expect character 
displacement in the male signal in a pattern concordant 
with that of the female preferences. On the basis of our 
results, here we suggest that olfactory signals, for example, 
cuticular hydrocarbons, are the obvious first place to look, 
but we also suggest that the role of the wings needs to be 
investigated further. 
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